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FOREWORD

Classified material has been removed in order to make the information
available on an unclassified, open publication basis, to any interested
parties. The affort to declaasify this report has been accomplished
specifically to support the Department of Defense Nuclear Test Personnel
Review (NTPR) Program. The objective is to facilitate studies of the low
levels of radiation received by scme individuals during the atmospheric
nuclear test program by making as much information as possible available to

all interested parties.

The material which has been deleted is either currently classified as
Restricted Data or PFormerly Restricted Data under the provisions of the Atomic
Bnergy Act of 1954 (as amendsd), or is National Security Information, or has
been determined to be critical military information which could reveal system
or equipment vulnerabilities and is, therefore, not appropriate for open

publication.

The Defense Nuclear Agency {DNA) believes that though all classified
material has been deleted, the report accurately portrays the contents of the
original. DNA also believes that the deleted material is of little or no
significance to studies into the amounts, or types, of radiation received by
any individuals during the atmospheric nuclear test program.
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ABSTRACT '

The geaeral objective was to estimate, frim analytical data oa cloud samples, the relative dis-
tribuiioh of cedtain radioauclides between the local and woridwide fallovt formed by megaton-
range detonsations oa land and wator surfaces, with particular smphasis on the distribution of
Sr® and Cs%' between local and worldwide fallout.

It was planned to achieve these objectives by radiochemical analyses and particle sige meas-
urements on the {ollowing types of samples: (1) particles and radioactive gases present In lie
upper portions of the clouds to be collectsd by high-flying aircraft, (2) particulate matter in the
clouds to be collected along nearly vertical flight paths, at several different distances from the
cloud axis, by rocket-propelled sampling devices, and (3) fallout to be collected at 2a altitude
of 1,000 fest by low-flying aircratt.

The project participated in 2 1.31-Mt shot (Koa) fired over a coral island, a: ‘shot
(Walaut) fired from a barge in deep water, and a 9-Mt shot {Oak) fired over a coral reef in shal-
low water. The aircralt sampling program was generally successful, and falrly complete sets
of both cloud and fallout samples were collected on sach shot. The rockst program was unsuc-
cesaful because of a variety of equipment malfunctions.

The gas samples were analyzed for radioactive krypton, and the cloud and fallout samples
were each analyzed for Sr¥, Cs'', and several other nuclides to give information oa fractlona-
tion. Fall rate and size distribution measuremonts were made on the particle samples from the
land-surface shot. The combined analytical data was used to estimate the distribution of Sc™
and Cs'*' between the local and long-range fallout,

There are no resuits to be reported on the spatlal distribution of radicactivity in the clouds,
because this part of the preject was depsndent on the rockst samples.

The results from Shot Koa indicate that, if the cloud layers sampled were repregentative of w0
their respective clouds, about one-fifth of the Sr™ and about two-thirds of the Cs%' produced oy
were dispersed over distances greater than 4,000 miles. Corresponding fractioas for Walnut '*::‘-:
were about one-third for each of the two nuclides. For Oak, the fractions were about one-third :x:."l
and one-half, respectively. Radlonuclide fractionation was pronounced in Kos and Ouk, .., “.f_:f",

the radlonuciide composition in the clouds varied with altitude. The local fallout was depleted,
and the upper portions of the cloud were eariched in both Sr™ and Cs'¥', Fractionation was
much less evident in Walnut, the water-surface shot. c

!

!

h ™\
N
Vi

S
ST
Jelelele)

ok A

e ~ B
5 T~ N

FE AR A S AR TeMa YL Fata Vs A Talta T T " A AN R N e S R R e R IR G




FOREWORD

This report presants the final results of one of the projecta participating in the military-effect
programs of Oparation Hardtack. Overall Information about this and the other military-effect
projects can be obtained irom ITR-1660, the “Summary Report of the Commander, Task Unit
3.” This technlcal summary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) maps showing shot locations; (3) discussions
of results by programs; (4) summaries of objectives, procedures, results, etc., for all proj-
ects; and (5) a listing of project reports for the military-effect programs.
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In the formulation of this project, several distinct parta were established: rocket fallout samp-
ling, aircraft fallout sampling and sample analysis, data interpretation, and report preparatlon.
Responsibility for the conduct of rocket sampling was assigned to the University of California
Radization Laboratory (UCRL); responsibility for the conduct of the aircrait sampling was as-
signed to the Los Alamos Scientific Laboratory (LASL); and responsibility for the conduct of
sample analysis, report writing, and so forth, was assigned to the U.S. Naval Radlological
Defense Laboratory (NRDL).

The Project Officer was supplied from the NRDL technical staff. H.F. Plank, as technical
adviser to the project officer, was responsibie for the conduct of the LASL portion; E.H. Fleming
acted in a similar capacity for the UCRL portion; and N.E. Ballou and T. Triffet were respon-
sible for the NRDL portion.

The authors acknowledge the vital contributions made to the project, in both the field and the
laboratory, by members of the laboratories. The indlviduals included: G. Cowan, P. Guthals,
and H. Plank, of LASL; R. Batzel, E. Fleming, R. Goeckerman, F. Momyer, W. Nervik, P.
Stevenson, and K. Street of UCRL; and J. Abrizm, N. Ballou, C. Carnahan, E. Freiling,
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M.G. Lal, D. Love, J. Mackin, M. Nuckolls, J. O’Connor, D. Sam, E. Scadden, F. Schuert, %ﬁa
P. Strom, E.R. Tompkins, T. Triffet, H. Weiss, L. Werner and P. Zigman of NRDL. N
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M.l’ 1. . T

INTRODUCTION

1.1 CBJECTIVES * )

The general objective was to estimate, {rom analytical data on cloud samples, the relative
distribution of certain radionuclides between the local and worldwide fallout formed by megaton-
range detonations or land and water surfaces, with particular emphasis on the distribution of
Sr™ and Cs'¥" between local and worldwide fallout.

Specific objectives were to: (1) obtain airbosne particle and gas samples by rocket and air-
craft sampling techniques, (2) determine the distribution of radionuclides betwsen two groups
of particles that differed from one another in their falling rates in air and that could be consid-
eved representative of local and worldwide fallout, (3) attempt to determine an early time distri-
bution of radionuclides and particles between the upper and lower halves of the cloud and radially
outward from the cloud axis, and (4) estimate the extent of separation of fallout from gaseous
fission products by fission determinations on gas and particle samples collected coincidentally
near the top of the cloud at various times [ollowing the shots. )

1.2 BACKGROUND AND THEORY

Data on the geographical distribution of fallout is particularly needed to assess the global
hazards associated with the testing of nuclear devices, but the information is also important
for an appraisal of the effects of nuclear weapons used in warfare.

It has been recognized since the earliest weapon tests that a substantial portioa cf the radio~
nuclides formed in a auclear detonation are deposited throughout the world, thereby becoming
available for general biological assimilation. The total failout is usually considered as being
divided into two classes, designated as local and worldwide fallout. In a general way, local
fallout is thought of as consisting of relatively large particles, which reach the earth’s surface
in a few hours, whereas worldwide f2llout is composed of finely divided material, which may
remain suspended in the atmosphere for months or years and he deposited at long distances
from the source. A more precise differentiation is needed for specific situations—one of the
most important considerations being the location of the detonation site in relation to world cen-
ters of population. For explosions at the Eniwetok Proving Ground (EPG), the boundary between
the two classes has been chosen at a particle {ulling velocity of 3 inches per second; material

settling out more slowly than this is likely to be transported beyond the ocean areas and deposit-

ed in inhabited regions, IUf it attains an altitude of 100,000 feet.

The ratio of local to worldwide failout {s also governed by the height attained by the auclear
cloud and the size diztribution of the particles in the nuclear cloud, which act as collectors for
the radioactive fission-product atoms. I many large particles with fast falling rates are pres-
ent, as is the case for underground or surface shots where the fireball contacts the ground, the
local fallout will be large. Local fallout can be expected to decreaise as the detonation height in-
creases and to become a negligible yuantity for an airburst high above the ground.
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Namerces cstimates of loeal fzllout have bosa propared fom provises cporations, malnly
from analysea of radistica irtensity data obtained In eorial and gurface moniloring curveys.
However, the uncertaintics {n convorting from doue rate measurements to flzsica products de-
posited por unit area are so great that ths results cannst b regarded with a groat deal of con-
fidencs. ¥ore relizbla valucs are evidently noedad, and In ploaning for Cpsratica Hardtack,
the Atomic Energy Commiasion examined possihle ways of obtalning such lnformation (Raferonce
1). After coaciderztion of the difficultiss inhorent in additional refinement of surface mcasure-
ment tachniques, this arprorch was abandoned. An alternative program based oa further devel-
opment of exinting cloud-sampling procedures was formulated (Reforonce 2), and this culminated
in Project 2.8.

A knowledge of fallout partition and how it is Influanced by shot enviroament may coatribute
to reducticn in worldwide fallout during future teats and to a botter understanding of the milltary
{implications of local fallout. It will also assist in extrapolation to previously untried shot condl-
tions and ylelds.

1.2.1 Formation and Nature of Fallcut Particles. When a surface burst 13 detonated, great
quantities of the adjacent envircament are swept up and mixsd with the incandsescent alr In the
fireball, There is sufficiant thermal ennrgy in the hot gas to completely vaporize all the material
In the lImmediate vicinity, but the flow of heat Into a massive object, such as a shot tower, shield, '
or coral rock, will be comparatively slow even with a high temperature gradient. Consequently,
the interior portious of large structures {n the naighborhood may not recsive enough heat to
evaporate and will be melted only. Later, when the fireball hag risen above the surface, the
material carried luto it by the vertical air currents around ground zsro will not be heated to the
melting point. As a result, the flreball in ita later stages will contain the environmental com-
ponents as a mixture of solid particles, molten drops, and vapor. The extraneous material in
the Pacific shots will consist of coral and ocean water salts plus the components of the device,
shield, and tower or barge.

The preponderance of oxygen and of the envlronmental material in the {ireball is of cutstand-

Ing tmportance in the formation of the fallout particles. As the hot air cools through the range
3,500° to 1,000° K, it becomes saturated with respect to the vaporized constituents. and they con-
dense out as an aggregate of liquid drops (Reference 3), most of which ars very small (References
4 and 5). These are mixed with the larger drops formed by melting the environmental material
and with the solld particles.

The radionuclide atoms present will collide 1requently with oxygen atoms or molecules and,
because the majority of them are electron donors, metallic oxide molecules will be formed,
which become thermodynamically stable as the temperature falls. The oxide molecules, or
free radlonuclide atoms, also have frequent colllsions with the liquid drops of environmental
material (silica, alumina, iron oxide or calcium oxide), and these collisions may be inelastic,
because In some cases the incoming molecules will be held by strong attractive forces. The
radloactive oxide molecules that condense at the liquid surface will spread into the interior of
the drops and become more or less uniformly distributad throughout. Later, after the liguid
drope have frozen, the incoming radionuclide molecules may be held by surface forces. Be-
cause of the very low concentrations of the radionuclide oxide molecules, collisions with one
another will be relatively infrequent, and it appears that the aggregation of enough molecules
of this type to form a drop or crystal will be a rare event, if It occurs at all.

Another way in which the radionuclide molecules may become associated with the environ-
mental material is by participation in the structure of the cluster embryos, which are the pre- y
cursors of the liquid drops (References 4 and 6). /

The isobaric radionuclide chains formed in the explosion are known to be distributed on a /
mass scale ln a way generally similar to the products of asymmetric fission of U™ by thermal
neutrons, but with some important differences. The experimental yield curve for slow neutron /
fission has a broad minimum for mass numbers approximately half that of the original nucleus

and maxima on either side at mass numbers in the neighborhood of 95 and 139 (Reference 7), S
Comparing the chain yields for megaton-~range detonationa with this curve, it {8 noted that there \\
-
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1s 2 small drop ia the pezk ylolds accompanted by an increaze in the cymmetric fleston probabil. SN
ity. The same nuciide distribution might b3 expactod in the fallout material, and this is found :
to be roughly true under certain conditions. In other cases, the elements formed initially puriial-
ly separate with respect to one another 80 that sampies of fallout may differ in composition 2
mong themselves and aiso from tha distribution curve characteristic for the event,

Fractionation (s & term that has been applied to this phenomenon. D 12 used to signify an
alteratioa in nuclide composition of some portion of the debris that renders it nonrepresentative . .
of the progucts as & whole. Tie R-values, which are commeonly used for reporting radiocasmical
data oa cloud aad fallout samples, are useful indices of fractioantion. The R-valus for any nu~
clide is deflned as the ratio of the number of atoms of this auclida to the number of atoms of 2
reference substance (usually Mo®™) in the sample divided by the same ratio for the products of
thermal neutron fiseion of U, Atoms that do not separate from the reference substancs have
R-values appropriate for the type of detonation, while enrichment or dapistion are manifested

* by positive or negative deviations from the characteristic valus.

Knowledge of the causes and mechanism of fractionation is still largely incomplete at the
present time. Ca2 effect that seems to be indicated by the available data may occur in the iso-
baric chains near mass numbers 90-and 140, which contaln rare gas nuclides as prominent chaln
members. Because of their half-lives and independent fission ylelds, they comprise a consider-
abie fraction of the total chain yield during the period when the environmental material i# con-
densing. I the rare gas atoms that collide with the liquid drops of environmental material are
not held by strong forces, as appears probable, the particles formed at this stage will be de-
pleted in the nuclide chains in question. : .

A variety cf types of particles have been cbserved In the local fallout at previous test series
(References 8 through 13). For land surface shots in the Pacific they have been mainly of three
kinds: {rregular grains, spherical sblids, and fragile agglomerated flakes. The grains were not,
in general, uniform throughout but consisted of layers or shells of calcium oxide, calcium hy-
droxide, and calclum carbonate formed by the decarbonation, hydration, and recarbonation proc-
esses going on in the fireball and subsequently. The majority of them were whitas or transpareat,
but some were yellow or brown. Many of the flaky aggregates were observed to disintegrate
spontaneously into smaller particles within a few hours after collection. In addition to these
primary types, a fourth kind was noted consisting of small hlack spheres of calcium iron oxide
(2Ca0-Fe,0y). These were usually observed adhering to the surfaces of the large grains but
occasionally were found isolated (Reference 12).

For detonations over ocean surfaces, the fallout collected consisted of droplets of salt slurry
50 to 300 microns in diameter. These contained about 80-parcent salt, 18-percdent water and
2-percent insoluble solids by volume. The major part of the radloactivity was found in the in-

- soluble solids portion. The fallout deposited at more distant polnts has not been as weil charac-
terized but is believed to be composed of minute spheres formed by condensation of the environ-
mental material from the vapor plus a very fine, unfused dust swept up into the cloud from the
area around the shot point (Reference 14).

The availabtlity of the radioactivity in the fallout for assimilation into the biosphere depends
to a large extent on its solubility in aquecus or slightly actd media. Determination of the soluble
fraction is therefore an important problem, and solubility studies have been reported on fallout
from several of the shots during Operations Castle and Redwing. For Castle fallout, it was
found that the soluble fraction was strongly dependent on the detonation environment, being a-
round 0.05 for land shots and 0.58 to 0./3 for shots {ired from a barge (Reference 15). The
solubility in seawater of the fallout from the reef shot (Tewa) during Operation Redwing was
investigated in two ways: by leaching of particles placed on top of a glass wool column and by
centrifuging a suspension of the fallout material (Ruierence 13). The soluble fractions found by
these two methods were 0.08 and 0.18, respectively. An ultrafiltration method was used for
determining the solubility of fallout {rom the land shot (Zuni). About 25 percent of the total
gamma activity and Np®? were soluble in seawater, and 3 percent of the total gamma activity
was soluble in rainwater.
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Rocent lavestigotions (Rafsrencs 10) bave chown that biolegical avallability s analosous to
solubility tn 1 X ECl. mbmlwmmmwa-momm u%mrwmwlub!a In lNHCl. i -
dspendant of shot envircamont.

1.2.3 Cloud Daveloomaent. During tbe lator stages of exictencs of the fircball, it is trans-
formed inio a voricx ring whose rotatiocal velocily parsists up to the maximum cloud altituds,
at least for the largar shets. Tha vortexn coatains the feslion products, eavircamental material,
and bomb compoagats that were pregent In the firchall and (s ths sits whore the radicactive fall-
out particles are mamod Tha cloud coatlaues to rise until its busyaney s reduced to zaro
by adiabatic expansion, entraining of cold air, and luea of enargy in overcoming atmospheric
drag (Referencea 17 through 19). The diamster of the ring Increasss rapidly during the ascent,
and the cloud spreads out latarally to a large area as its upward veloelty decreases. For small-
er ylelds the cloud stopa at the tropopause or below, but for megaton-range yields the top may
penetrate several thousand feet Into the stratosph@re, The time to maximum altitude is some-
what less than 10 minutes.

A knowledge of the distribution of activity and particles within the stabillzed cloud is needed
for the establishment of a rational fzllout modal; howsver, the collaction of a suitable set of
samples that could be used to determine these quantities experimenially presents a formidable
operational problem that has not yet been solved. Several distributions have beon assumed In
an effort to match the fallout patterns on the ground, but it is not known how closely these models
correspond to the actual structure of the cloud. Considering the method of formation, it might
ba anticipated that the activity would be greatest in an anchor ring centared on the axis of the
cloud. Some evidence for this structure was obtained during Operation Redwing with rockets
with telemetering lonization chambers (Reference 20).

>

1.2.3 Transport and Distribution. During the ascent of the nuclear cloud, the particles are
acted on by body forces and by the vertical currents in the rising air. Some of the large parti-
cles will be heavy encugh s0 that they will have a net downward velocity even though the cloud
as a whole is moving upward. They will contribute to the fallout in the immediate vicinity of
ground zero (Reference 21). During this time, volatile fisaion products may be fractionated
{rom less volatile flssion products by a kind of fractional distillation process within the hot
cloud.

Once the upward motion has ceased, the particles in the cloud will begin to settle out at rates
determined by their density, dimensions, and shapes and by the viscosity and density of the air
(Reference 22). The terminal velocities for amall spheres can be accurately calculated when
the dependence of the drag coefficlent on Reynold's number i8 known. Irregular or angular par-
ticles will fall more slowly than spheres of the same weight, but their velocities cannot be
estimated as well because of uncertainty in the shape factors (Reference 23). o

The particles that make up the local failout follow trajectories to the surface governed by
their fall rates and by the mean wind vector between their pcints of origin in the cloud and the
ground level. Locations can be specified by reference to 2 surface coordinate system made up
of height lines and size lines. The height lines are the loci of the points of arrival of all parti-
cles originating at given heights on the axis of the cloud. The size lines conaect the arrival
points of particles of the same size {rom different altitudes. Time and space variation of the
winds will change the magnitude and direction of the mean wind vector, and vertical motioas in
the atmosphere will alter the {failing rates of the particles. Corrections for these effects can
be made when adequate meteorological data is avallable.

The local fallout, as defined here, will ba down in 4.5 days or less, leaving aloft an aggre-
gate of particles ranging from about 25-micron diameter down to submlicron size. For small
shots the majority of this will be in the treposphere, but for megaton-range yields a large pro-
portion will be deposited in the stratosphere. Hence, in discussing worldwide fallout, it is de-
sirable to consider it as subdivided into two classes identified as tropospheric (or intermediate)
fallout and stratospheric (or delayed) fallout (Reference 24).
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